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Precursor modulations often occur in functional materials like magnetic shape memory alloys,

ferroelectrics, and superconductors. In this letter, we have revealed the underlying mechanism of

the precursor modulations in ferromagnetic shape memory alloys Ni2MnGa by combining

synchrotron-based x-ray diffraction experiments and first-principles phonon calculations. We

discovered the precursor modulations along [011] direction can be eliminated with [001] uniaxial

loading, while the precursor modulations or premartensite can be totally suppressed by hydrostatic

pressure condition. The TA2 phonon anomaly is sensitive to stress induced lattice strain, and the

entire TA2 branch is stabilized along the directions where precursor modulations are eliminated by

external stress. Our discovery bridges precursor modulations and phonon anomalies, and sheds

light on the microscopic mechanism of the two-step superelasticity in precursor martensite. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906333]

The fascinating precursor effect is a frequent phenom-

enon in first-order displacive crystalline structural transi-

tions. It has been widely observed in the thermoelastic

martensites like shape memory alloys,1 high-TC cuprates,2

and ferroelectric ceramics,3 which are materials of different

physical natures. Rod-like diffuse scattering, sharp satellite

spots, and strain modulations (so-called tweed pattern) are

often observed with x-ray diffraction and transmission

electron microscopy when approaching the martensitic tran-

sition, which is accompanied by superelasticity, anomalous

thermal expansion, elastic softening, specific heat, and so

on.4–6 There exist alternative theoretical models on the phys-

ical origin of precursor modulations: (1) adaptive modulation

constructed from nano-twinned martensite with tetragonal

crystal structure,7,8 (2) micromodulation of cubic lattice

related to the phonon anomaly,9,10 and (3) local strain field

from statistical compositional fluctuations.11,12 Despite

considerable experimental and theoretical research, the

nature of precursor phenomenon is still in dispute.

Ni2MnGa ferromagnetic shape memory alloys possess a

thermoelastic martensitic transition coupled with a long-

range magnetic ordering. They have received considerable

research attentions due to their great physical properties,

like magnetic shape memory,13 magnetocaloric,14 and

magnetoresistive.15 Precursor phenomenon (or premarten-

sitic transition) has been observed in Ni2MnGa alloys.16,17

Through stress-strain measurements, the peculiar interesting

two-step superelastic behavior with a narrow hysteresis

has been reported in the premartensite of Ni2MnGa alloys.18

A uniaxial stress induced phase, named as X-phase, is

suggested in the deformation map.19 This peculiar superelas-

ticity in premartensite has been related to reversible redis-

tribution of the precursor modulations from three-dimension

to two-dimension under the applied uniaxial stress.20

However, the physical mechanism on the change in modula-

tion dimensionality is still unknown. It can hardly be

explained simply by the reorientation of nanotwinned tetrag-

onal martensitic variants, as the detwinning process should

be normally irreversible and produces plastic deformation in

alloys.21 The premartensitic transition indeed occurs in

Ni2MnGa intermetallic compounds with near-stoichiometric

composition. After high temperature heat treatment for a

long time, the composition inhomogeneity can be completely

neglected.22

In this letter, by combining in-situ synchrotron x-ray dif-

fraction and first-principles phonon calculations, we studied

the premartensitic transition in Ni2MnGa alloys induced by

both temperature and external stress/pressure. In contrast

with thermo induced premartensite, the precursor modula-

tions can be eliminated along certain crystal directions under

uniaxial stress, for example, [011]P and its equivalent
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directions when [001]P is the loading direction (LD) (P

denotes the parent phase). When applying hydrostatic pres-

sure, the precursor modulations or the premartensite are

totally suppressed. First-principles calculations indicate that

the TA2 phonon anomaly is sensitive to stress induced lattice

strain. The applied stress is able to stabilize the entire TA2

branch along the same directions where precursor modula-

tions are eliminated. Our results provide direct evidences

confirming that the precursor modulations in Ni2MnGa

alloys are directly related to phonon anomalies.

A near-stoichiometric Ni2MnGa single crystal was

prepared through a floating-zone method and was described

previously.20 The premartensitic and martensitic transition

temperatures of this system were detected to be �230 K and

�175 K by using a superconducting quantum interference

device (SQUID). High energy synchrotron in-situ x-ray

diffraction experiments were performed at Advanced Photon

Source, Argonne National Laboratory, to monitor the struc-

tural evolutions of the Ni2MnGa crystal as a function of

temperature, uniaxial stress, and hydrostatic pressure. First-

principles phonon calculations were performed by using the

supercell method23 with the force constants calculated by the

Vienna Ab-initio Simulation Package (VASP)24 and the pho-

non properties predicted by Yphon code.25 Detailed experi-

mental procedures and calculation methods can be found

elsewhere.26

Figures 1(a)–1(f) show the series of two-dimensional

(2D) x-ray diffraction patterns from the Ni2MnGa single

crystal at the (400)P area as a function of temperature during

cooling. Figure 1(a) gives the (400)P Bragg reflection spot of

the parent phase at 300 K. Upon cooling to 217 K, six satel-

lite spots start to appear around the (400)P reflection, as

shown in Figure 1(b), suggesting the formation of the pre-

martensite with precursor modulations. These satellite spots

can be indexed using a propagation vector of (1/3, 1/3, 0)

with a three-layered modulated (3M) structure. Upon cooling

to 188 K [see Figure 1(c)], the intensities of these satellite

spots reach maximum. Splitting of original (400)P reflection

and a set of martensite spots are developed on further cooling

as shown in Figures 1(d) and 1(e), which clearly reveal the

thermo induced intermediate premartensite to martensite

transition. Figure 1(f) shows the 2D diffraction pattern of the

crystal at 160 K while the martensitic transition is completed.

The integrated one-dimensional (1D) diffraction patterns are

shown in Figure 1(g). The low-temperature martensite phase

[Figure 1(g) at 160 K] can be assigned to the five-layered

modulated (5M) martensite with c/a¼ 0.94, which is consist-

ent with previous reports for near-stoichiometric Ni2MnGa

alloys.4,9,27

The three dimensional (3D) distribution of the elastic

diffuse scattering around (400)P Bragg reflection was

recorded and constructed in reciprocal space at 300, 217, and

160 K as shown in Figure 2. A tungsten wafer was used to

block the central (400)p Bragg reflection to allow to see the

weak intensity around it. At 300 K, the diffuse directions are

along [440]p and its equivalent directions. The diffuse scat-

tering intensities increased with decreasing temperature

down to 217 K and strong satellite points were generated at

the scattering strips in a distance of �1/3 magnitude of

h110ip lattice-vector from the main Bragg diffraction.

Therefore, the six premartensitic satellite spots in Figure 1(c)

can be classified into two groups, remarked by solid and

dashed arrows. The solid arrow group represents four satel-

lite spots on the hk0 plane and the dashed arrow group repre-

sents those on the h0l plane. Similar diffraction patterns

have been observed in Ni2MnGa and NiAl alloys by using

transmission electronic microscopy.28,29 High resolution

electron microscopy reveals that the rod-like diffuse scatter-

ing is due to the heterogeneous strain field, and the premar-

tensitic satellite spots are attributed to micromodulation in

six successive {110} planes in the h1�10i directions.28,29

To understand the stress effect on the premartensitic and

martensite transition, uniaxial compressive deformation was

conducted on the Ni2MnGa single crystal at room tempera-

ture with a strain-control mode along the [001]P direction

FIG. 1. Two-dimensional (a)–(f) and one-dimensional (g) diffraction pat-

terns of a Ni2MnGa single crystal collected at different temperatures. The

solid and dotted arrows indicate out-plane and in-plane satellite diffraction

spots, respectively. The in-situ x-ray diffraction experiment was performed

at room temperature with photon energy of 115 keV.

FIG. 2. Two-dimensional diffuse scattering patterns of parent phase, pre-

martensite (3M) and martensite (5M), which were collected at 300 K, 217 K,

and 160 K, respectively.

021910-2 Nie et al. Appl. Phys. Lett. 106, 021910 (2015)
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(with a deviation of �10�). Figures 3(a)–3(f) show a series

of 2D scattering patterns for the (400)p area at each stress

during loading. The uniaxial stress induced a tetragonal dis-

tortion of the parent cubic lattice with a¼ b> c, where c-

axis is along the LD. The c/a ratios shown in Figure 3(b) are

evaluated through the diffraction measurements from (004)p

and (400)p reflections. With increasing stress to 352 MPa

[see Figures 3(a)–3(d)], the premartensitic transition could

be clearly observed from the generation of premartensitic

satellite spots. It should be noted that the generated premar-

tensitic satellite spots [indicated by solid arrows in Figure

3(d)] existed only on the peculiar reciprocal plane, i.e., hk0

plane, which is perpendicular to the LD. The premartensitic

satellite spots on the h0l plane, i.e., parallel to the LD, did

not appear. The (400)p main spot and premartensitic satellite

spots got split when the stress was increased to 470 MPa [see

Figure 3(f)], which suggests a stress induced phase transi-

tion. The reciprocal lattice-vector (q) of the premartensitic

satellite spots on hk0 plane was evaluated along [110]p,

which is shown in Figure 3(g) under different uniaxial

stresses. The intensity of the premartensitic satellite peaks

increases as increasing stress to 445 MPa. At 470 MPa a

peak was produced with f¼ 0.43, which is in agreement

with the reported q vector for the thermo induced 5M

martensite phase in Ni2MnGa alloys.4,9,27

In-situ high energy x-ray diffraction experiments pro-

vide direct evidence that both thermo and uniaxial stress

could induce phase transition in Ni2MnGa alloys from parent

to premartensite (3M) and then to a modulated martensite

(5M). However, the uniaxial stress induced precursor modu-

lations in premartensite are dimensionality crossover from

3D to 2D. In specific, the uniaxial stress induced structural

modulations only appear on the lattice planes perpendicular

to LD. In order to fully understand the experimental observa-

tions and reveal the physical origin of the modulation dimen-

sionality crossover in Ni2MnGa alloys, first-principles

investigations of phonon dispersion have been performed in

the tetragonally distorted Heusler structures with c/a from

0.94 to 1.2. Figures 4(a) and 4(b) show the predicted [110]

and [011] phonon dispersions for Ni2MnGa in the tetragonal

structures with c/a¼ 0.99, corresponding to the situation of

uniaxial compressive deformation on the parent phase at

123 MPa [see Figure 3(b)] having c-axis along LD. It is clear

that the anomalous TA2 mode is substantially affected by the

tetragonal distortion. Along [110] direction, which is perpen-

dicular to LD, the phonon anomaly (softening) is pronounced

at q vector of f� 0.33 [imaginary phonon frequency, see

Figure 4(a)]. This q value is in agreement with the wave vec-

tor of precursor modulation observed experimentally. The

imaginary phonon frequency indicates lattice instability. The

structure can gain energy by moving the atoms along an

eigenvector belonging to the imaginary phonons.10,30

However, along [011] direction [see Figure 4(b)], the soften-

ing has completely disappeared and the entire TA2 branch is

FIG. 3. Two-dimensional diffraction

patterns of a Ni2MnGa single crystal

collected during loading at different

uniaxial stresses (a)–(f) and reciprocal

lattice-vector, q, for the premartensitic

satellite spots as a function of stress

during uniaxial compressive loading

(g). The in-situ x-ray diffraction

experiment was performed at room

temperature with photon energy of

115 keV.

FIG. 4. First-principles [110] and [011] phonon dispersions for the

Ni2MnGa in the tetragonal structures with c/a ratios equal to 0.99 (a) and (b)

and 0.94 (c) and (d).

021910-3 Nie et al. Appl. Phys. Lett. 106, 021910 (2015)
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stable. The above theoretical calculations on uniaxial stress

induced redistribution of phonon populations reveal the

physical origin of the observed modulation dimensionality

crossover in premartensite. The observed 5M martensite

phase has c/a¼ 0.94 with q vector of f� 0.43. The first-

principles [110] and [011] phonon dispersions with c/a
¼ 0.94 are displayed in Figures 4(c) and 4(d). The phonon

softening in TA2 mode is much pronounced at q vector of

f� 0.43 along [110] direction and the anomaly has com-

pletely disappeared along [011] direction, which agrees with

the reported quasi-1D-like modulation in 5M martensite.9

The uniaxial stress could eliminate the phonon softening

along certain crystallographical directions, i.e., [011] and its

equivalent directions like [01�1], [101], and [10�1], when

[001] is along LD. Consequently, precursor modulations do

not appear along those directions. The immediate question is

what happens if a hydrostatic pressure is applied on this

system. Will the hydrostatic pressure eliminate the phonon

softening along all h110i directions and further suppress

precursor modulations? In order to answer those questions,

we have performed additional XRD experiments on the

Ni2MnGa alloy at a quasi-hydrostatic pressure environment

using a symmetrical diamond anvil cell. The load sample is a

highly textured Ni2MnGa polycrystalline with h111ip along

incident x-ray beam. Figure 5(a) shows a series of diffraction

patterns from the Ni2MnGa powder under pressures from

0.2 GPa to 19 GPa. Previous observed diffraction peaks

between 1.3 Å and 1.7 Å (premartensite and 5M martensite

phases) did not show up in this pressure range, instead the

Ni2MnGa parent phase is gradually transformed to a non-

modulated (NM) tetragonal martensite phase under quasi-

hydrostatic pressure. The lattice parameters and unit cell

volume as a function of pressure are shown in Figures 5(b)

and 5(c), respectively. As seen in Figure 5(c), the unit cell

volume decreases as increasing pressure, and a discontinuity

in volume appears at �10 GPa where the parent to NM mar-

tensite phase transition takes place. The c/a ratio for the NM

martensite changes from 1.20 to 1.23 when the pressure is

increased to 19 GPa. Following the equation of state, the

bulk moduli for the parent and NM martensite phase are

calculated to be 220 GPa and 255 GPa, respectively. Our

high-pressure experiment indicates that the hydrostatic pres-

sure may suppress the phonon softening modes. We have

conducted the first-principles [110] phonon dispersions study

for Ni2MnGa with c/a¼ 1.2 (NM martensite). We find that

the entire TA2 soft modes are stable along [110] direction,

which is in good agreement with previous first-principles

results.10

Our experiments and calculations provide the micro-

scopic view on the stress-induced crossover in dimension of

modulations for the precursor martensite. The anisotropy in

phonon softening modes under uniaxial stress field should be

closely related to a kind of continuous transition from one

unfavorable low-crystal-symmetry domain to another favor-

able one.31,32 As the total free energy altered by different

phonon vibration modes is not so large, a low elastic modu-

lus can be predicted via the domain-switch mechanism.20

The transition in phonon softening modes caused by the

uniaxial stress field is accomplished by a small atomic dis-

placement, which is analogous to the stress-induced struc-

tural transition between the two low-crystal-symmetry

domains; thus, a giant low- or non-hysteretic stress-field-

induced response in the Ni2MnGa precursor martensite may

be maintained.

In summary, in this letter we report the mechanism of

stress-induced modulation dimensionality crossover in

Ni2MnGa premartensite. Based on first-principles phonon

dispersion calculations, we conclude that the modulation

dimensionality crossover is due to redistribution of phonon

populations in the TA2 branch under external stress.

Importantly, the uniaxial stress induced redistribution of

phonon populations is reversible upon releasing the loading.

Our discovery bridges precursor modulations and phonon

anomalies, and sheds light on the microscopic mechanism of

the two-step superelasticity in precursor martensite.
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